We investigated the mechanism and significance of ST segment changes in inferior infarction by studying 100 patients with acute inferior infarction in whom body surface maps were recorded on admission. The magnitude of the maximum ST segment elevation (denoted Vmax) and magnitude of the maximum ST segment depression (denoted Vmin), as well as the ST depression on the standard 12-lead electrocardiogram were analyzed against morbidity and mortality (at a median followup time of 14 months). A value obtained by subtracting Vmax from Vmin correlated (p < .0002) with outcome. Correlations were also found between Vmin and complications, Vmin and mortality, and between increasing levels of ST depression on the 12-lead electrocardiogram and mortality. The maps were also studied by grouping the 100 ST segment map patterns into five groups by cluster analysis techniques. One group showed marked anterior negativity and had 37% mortality compared with an overall 5% mortality for the remaining groups. The limited arteriographic and autopsy data available indicated that the findings of a diseased artery or arteries corresponded with the results of mapping. The mean map patterns of the five groups showed that, in most patients with inferior infarction, the standard chest leads V, to V6 are over a region of steep voltage gradient. Small changes in the position of the standard chest lead can cause large changes in the displayed potentials. This study indicates that patients at high risk after acute inferior infarction can be identified by surface mapping on admission to the coronary care unit. Circulation 76, No. 2, 289-297, 1987. ANTERIOR ST segment depression often accompanies acute inferior myocardial infarction, but the mechanism and prognostic significance have been debated. Most investigators have concluded that anterior ST segment depression is a reciprocal effect of inferior or posterior ST segment elevation,'-3 but this conclusion has been challenged by others who attribute anterior ST segment depression to anterior ischemia.4'5
tailed knowledge of the spatial distribution of ST segment potentials.
Some authors have concluded that there are no important differences in prognosis in patients with or without anterior ST depression,267 whereas others have concluded that patients with anterior ST depression have larger infarcts,4'8-10 more complica tions,1 '5,9,11 or multivessel disease.4 '5 The prognosis after recovery from acute myocardial infarction is determined independently by the degree of left ventricular dysfunction, the degree of residual ischemia, and by the frequency of occurrence of ventricular arrhythmias.12 If anterior ST depression is a marker of larger infarcts, of anterior ischemia remote from the infarction site, or both, one possible explanation for the disparate results of previous studies is that standard electrocardiography is an insensitive tool for quantifying the degree of anterior ST depression because of limited chest wall sampling.
In this study we used the technique of body surface mapping to examine the spatial distribution of ST changes in acute inferior myocardial infarction. We retrospectively analyzed body surface maps recorded on admission to the coronary care unit to determine whether detailed measurement of ST segment potentials in patients with acute inferior infarction would enable accurate prediction of those patients at high risk of death or major complications.
Methods
Study population. All patients admitted to our coronary care unit with acute myocardial infarction had electrocardiographic body surface maps recorded as soon as practicable after admission. One hundred patients with acute inferior myocardial infarction who presented in the period from June 1983 to October 1985 were included in this study. The diagnosis of acute inferior myocardial infarction was based on a history of myocardial ischemic pain, changes in the standard 12-lead electrocardiogram as detailed below, and enzymatic methods. The diagnosis was confirmed when possible by echocardiography, arteriography, and nuclear imaging. All patients with bundle branch block (QRS duration > 0.11 sec) or previous acute myocardial infarction were excluded. All patients gave informed consent and the mapping did not interfere with any aspect of clinical management. No patient was excluded because of age, shock, left ventricular failure, or arrhythmias. Clinical management and investigations were carried out by each patient's physician independently of any data acquired by mapping.
Standard electrocardiography. All patients included in this study had at least 0.1 mV ST segment elevation in leads III or aVF of the standard 12-lead electrocardiogram. Anterior ST segment depression was considered present if there was ST segment depression of at least 0.1 mV on one or more of the standard 12-lead electrocardiographic leads V, to V6. Both ST segment elevation and depression were measured by caliper at 140 msec after QRS onset with use of the TP segment as the zero baseline. The QRS onset was used as a timing reference point because it is usually easily defined and the onset of the ST segment may be difficult to define in patients with acute infarction.
Clinical observations. Detailed medical records were kept independent of any knowledge of the surface map. Total creatine kinase levels were measured every 8 hr for 48 hr and the peak measured level (CKmax) was used in this study as an approximation of infarct size. Patients were classified as having ventricular fibrillation if they left hospital alive after one or more episodes of ventricular fibrillation. Patients were classified as having ventricular tachycardia only if it was sustained or recurrent and warranted cardioversion or continuing drug therapy. All patients with either second-degree or complete heart block were classified as having atrioventricular block. Left ventricular failure was diagnosed if a chest x-ray showed pulmonary venous engorgement with interstitial edema and the notes on the patient indicated evidence of clinical left ventricular failure. Right ventricular infarction or ischemia was diagnosed clinically if the jugular venous pressure was elevated and rose further on inspiration in the absence of other known cardiac or pulmonary causes. Right ventricular infarction or ischemia was diagnosed by investigations if nuclear imaging demonstrated right ventricular dyskinesis and/or a diminished right ventricular ejection fraction compared with that for the left ventricle.
Deaths a.fter discharge were determined by telephone contact with all surviving patients (up to December 31, 1985) and inspection of the state register of deaths.
Body surface mapping. The system for acquisition, display, and recording of the body surface electrocardiographic data has been described previously. 13 In brief, a jacket with a fixed array of 50 electrodes was wrapped around the patient starting from a position 7.5 cm to the right of the sternum, so that the second column of electrodes was on the midsternal line. The positions of the electrodes used for mapping are shown in figure 1 . A bedside display of the sampled electrocardiographic signals enabled a check on the quality of the data. Bad leads were picked and replaced by interpolation from the surrounding leads. Linear baseline drift was corrected by interpolation between baseline points picked manually in successive TP segments.
The number of electrodes in contact with the patient varied with the size of the patient, which enabled virtually all patients to be studied. Electrode positions were calculated from the degree of overlap of the jacket, which was recorded at the time of mapping. Although electrode positioning varied between patients, body surface maps comparable between patients were produced by an interpolation scheme that took into account the size of each patient. A spline interpolation method was used that produces 32 columns, each of 12 values, evenly distributed around the thoracic surface. This format is comparable to that used by other groups. Complete recordings were usually made within 5 min of approaching the patient.
The ST segment maps used in this study were each constructed from data averaged over a 20 msec interval centered on a point 140 ms after the QRS onset. The ST segment potentials were often quite low level, and averaging over a 20 msec interval reduced noise (in particular 50 Hz interference). The ST segment potential distributions were displayed as isopotential contour maps'4 on a rectangle representing the "unwrapped" thoracic surface to show both the front and back of the patient. The reference electrode used to construct the maps was a simulated Wilson central terminal calculated from the raw map data.
Each map was analyzed on the basis of the magnitude of the maximum ST segment depression (denoted Vmin), the magnitude of the maximum ST segment elevation (denoted Vmax), and a value obtained by subtracting Vmax from Vmin. Maps were also analyzed on the basis of pattern similarity, as described below.
Grouping of map patterns. The 100 patients were placed into groups based on the similarity in pattern of their body surface ST potential distributions. To group similar ST potential distributions, a hierarchical clustering technique was used. '5 The measure of similarity between two distributions was taken to be their correlation coefficient, which was calculated as follows: Given two potential distributions A and B considered as vectors (ai) and (bi): cm to the right of the sternum so that the second column of electrodes is always over the midsternal line. The neck electrode (electrode 51) is placed on the right side of the neck. The reference electrode (electrode 0) is placed on the right anterior superior iliac spine. The overlap of the jacket varies with patient size. normal body surface maps from those taken from patients with myocardial infarction,16 but in that study clustering techniques were not used and qualitative techniques were found that performed better than correlation coefficients. Correlation coefflcients have also been used to assess the similarity between modeled and measured body surface maps in theoretical studies (for example, Stanley et al. 17 ).
The clustering technique was as follows. One hundred groups were formed, with one distribution in each group. The algorithm then proceeded, joining the two groups with the highest correlation to form a single group. This joining was repeated, with the number of groups decreasing by one at each step. At any stage, the correlation coefficient between two groups was taken to be the lowest correlation coefficient between any pair of maps from the two groups. The algorithm could be stopped at any stage, giving a required number of groups, or when the best correlation between all remaining groups fell below some predetermined threshold. The decision on when to stop was a difficult one, and has been discussed in detail by Everitt.15 In this case, the algorithm was arbitrarily stopped when five groups were reached. Statistical analysis. After the patients were separated into groups, data were analyzed by Student's t test for two means or chi-squared values with Yeats correction for small values when appropriate. The Mann-Whitney U test for ordered categories was used to examine the significance of variables with regard to associations with mortality or complications. A finding was considered significant when the p value was less than or equal to .05.
Results
Study population. The study population of 100 patients was made up of 77 men and 23 women with a mean age of 60.7 years. The median time between the onset of symptoms and the recording of the body sur-Vol. 76, No. 2, August 1987 face map was 8.25 hr. There was no significant difference in the median time for survivors (7.9 hr) and nonsurvivors (8.4 hr). Satisfactory echocardiographic studies were obtained in 10 patients, eight of whom had inferior or inferoposterior infarction, one of whom had a normal study, and one of whom had anteroapical dyskinesis and a posterior left ventricular aneurysm.
Eighteen patients underwent arteriography, 17 of whom had evidence of inferior or inferoposterior myocardial infarction. One patient, who is also described above, had anteroapical dyskinesis and left anterior descending artery stenosis.
Thirteen patients had gated heart scans, and five of these did not undergo arteriography or echocardiography. All of these latter five patients showed inferior dyskinesis.
Three patients underwent postmortem cardiac examinations and all had evidence of inferior wall infarction. In all, of a total of 35 patients in whom nonelectrocardiographic investigations were performed, confirmatory evidence of inferior infarction was obtained in 33.
Clinical significance of ST segment potential values Standard electrocardiography. Thirty-four patients had no anterior ST segment depression on the standard 12lead electrocardiogram and 66 patients had anterior ST segment depression. Table 1 shows the comparison of Body surface map. Twenty-six patients had no ST segment depression on the body surface map (i.e., Vmin was less than 0.1 mV), and 74 patients had ST segment depression (Vmin greater than or equal to 0.1 mV). CKmax in patients with Vmin less than 0.1 mV and those in patients with increased Vmin. Patients with Vmin less than 0.1 mV had the same complication rate (apart from a lower occurrence of atrioventricular block) and the same death rate as those with Vmin greater than or equal to 0.1 mV. When the complications, deaths, and CKmax values were analyzed against increased Vmin, there was a significant increase in the incidence of ventricular tachycardia, atrioventricular block, left ventricular failure, and deaths with increased Vmin values. There was also a relationship between increased values for Vmin and increased CKmax. Table 3 shows the relationship between complications, deaths, and CKmax and increased Vmax. There was a significant increase in the occurrence of left ventricular failure with increased Vmax. There was a weak relationship between higher Vmax values and higher levels of CKmax. Table 4 shows the relationship between complications, deaths, and CKmax and increased levels of Vmin-Vmax. Increased Vmin-Vmax values were associated with a significantly increased occurrence of atrioventricular block and death, with a 50% death rate at a median follow-up time of 14 months for patients with Vmin-Vmax values greater than 0.2 mV.
Body surface map pattern. The patients were divided, as described, into five groups (denoted groups 0, 1, 2, 3, and 4). The mean body surface ST segment maps for each of the five groups are shown in figure 2. Group 4 consisted of only two patients with poor-quality, lowlevel body surface ST segment maps that correlated poorly with those of all other patients. Data from this group have been excluded from further analysis. Table  5 lists the mean values for Vmin, Vmax, and Vmin-Vmax and the clinical data for each group. Groups 0 and 1 had similar mean Vmax and Vmin values. The Vmin was observed on the same region of the thorax in both these groups. However, in group 0, the Vmax occurred on the lower right front of the thorax, whereas in group 1 it was located more to the left and back. In group 2 Vmax was located in a position similar to that in group 0, although it was somewhat higher on the thorax. Group 2 had significantly lower mean Vmax and Vmin values compared with those in the other groups. The median time between onset of symptoms and mapping was significantly longer in group 2 than in the other groups.
The mean map pattern for group 3 was characterized by anterior ST depression and a significantly higher mean Vmin value compared with that in the other groups. The mean value for Vmin-Vmax in group 3 was also significantly higher than the value in the other groups. The mean value for Vmax in group 3 was significantly lower than the value in groups 0 and 1. Groups 1 and 2 seemed to be very low-risk groups, with a virtual absence of ventricular fibrillation, ventricular tachycardia, atrioventricular block, left ventricular failure, or right ventricular infarction or ischemia (either clinical or investigational). Group 2 had a significantly lower mean CKmax compared with the other groups. Mortality was low in group 2 and no patient in group 1 died. Group 3 had significantly higher mortality compared with the other groups either singly or combined. There was no significant difference in CKmax values or in the time from onset of symptoms to mapping for group 3 and those for group O or 1. Overall, group 0 was an average-risk group, groups 1 and 2 were low-risk groups, and group 3 was a highrisk group.
Relationship of ST segment body surface maps to coronary artery anatomy. In an attempt to relate coronary artery anatomy to the body surface map, one of us 294 (D.K.) examined the 18 arteriograms available for patients in the series. The results of postmortem examination were available in three patients.
In the high-risk group (group 3), all four patients examined had significant left anterior descending artery or triple-vessel disease. Of the 13 patients examined in the low-risk groups (groups 1 and 2), 12 had no or trivial left anterior descending disease. Also, eight of these 13 had only one vessel with a stenosis of 70% or more. All four of the patients examined in group 0 and all four of those examined in group 2 had major right coronary artery disease.
Discussion
Body surface mapping. The technique of body surface mapping has been used to examine some aspects of myocardial infarction,18-23 including the description of some of the regional variations in inferior infarction,24 but has not been used routinely because of the difficulty in placing the electrodes and recording the data.
The system used in this study has been specifically designed to produce body surface electrocardiographic data rapidly and with minimum inconvenience to patients with acute myocardial infarction. We have been able to perform mapping in all patients admitted to the coronary care unit with suspected acute myocardial infarction except when the equipment was being serviced. The major difference between our mapping system and other such systems is that we disregard fixed points of the anatomy other than the sternum when placing electrodes. The advantages of the use of fixed points such as ribs as a guide to lead placement are unclear since the thoracic shape and the position of the heart within the thorax are variable.
Surface distribution of ST potentials. This study details the body surface distribution of ST segment potentials in 100 patients with acute inferior infarction. It is clear from examination of these distributions that the presence or absence of anterior ST segment depression on the standard 12-lead electrocardiogram depends heavily on where those leads are placed and the overall shape of the body surface potential distribution. In patients with inferior infarction the standard chest leads generally fall on an area of the thorax where there is a steep voltage gradient, as shown by figure 2. Thus, observation of anterior ST segment depression is highly sensitive to the location of standard electrocardio-Vol. 76, No. 2, August 1987 graphic leads. Such unreliability appears to be reflected in the recently published disparate results on the significance of anterior ST segment depression in acute inferior infarction.2 425,26 Body surface mapping removes this unreliability resulting from lead placement because the entire surface of the thorax is sampled in detail.
The variation in distribution of ST segment potentials is probably due to one or more of the following factors: (1) variation in the anatomy of the coronary arteries, (2) which artery is occluded, (3) where in the course of that artery the opclusion has occurred, (4) the presence or absence of ischemia in other territories, and (5) the variation in the overall thoracic geometry. '7 Our data suggest that the body surface map gives an indication of the involved artery or arteries. Certainly mean maps showing ST segment elevation on the right thorax (groups 0 and 2) appear associated with right coronary artery involvement. Also, findings such as those in group 3 patients are associated with left anterior descending artery disease. It is unfortunate that arteriographic results were not available for all patients.
It must also be noted that since patients underwent arteriography based on clinical indications alone, these results may not be representative of the entire group of 100 patients.
Prognosis. Early identification of patients at high risk after acute myocardial infarction is required if a more aggressive therapeutic approach aimed at reducing the risk is to be successful. Reinfarction and death in pa-tients who have left the hospital after an acute myocardial infarction are most common soon after hospital discharge."2 Indeed, eight of the 11 patients in this series who died did so within the first 2 months after infarction. If ischemia remote to the infarct site is contributing to left ventricular dysfunction and subsequent increased likelihood of death, then it must be identified promptly. Coronary arteriography and myocardial nuclear imaging both present considerable logistic difficulties in attempting to assess all patients with acute myocardial infarction.
Standard 12-lead electrocardiography is a simple technique and has been previously shown to identify some patients at risk after infarction. 4 5,11 We also found that standard electrocardiography identified a group at risk and the number of our patients with anterior ST depression on the standard electrocardiogram was similar to that in other studies.4 69. 11 These patients had larger infarcts (based on CKmax). Detailed analysis of the standard electrocardiograms showed increased mortality with increased levels of anterior ST segment depression. In fact, of the 17 patients who had ST segment depression of 0.4 mV or more as documented on the standard 12-lead electrocardiogram, seven died (at a median follow-up time of 14 months). Increased levels of ST segment depression on the standard electrocardiogram were not associated with increased occurrence of ventricular tachycardia, atrioventricular block, or left ventricular failure, and were only slightly predictive of ventricular fibrillation.
The body surface mapping technique enables rapid measurement of Vmin and Vmax. An increased Vmin is predictive of ventricular tachycardia, atrioventricular block, left ventricular failure, and death, and is also associated with increased CKmax. An increased Vmax is predictive of left ventricular failure, but is not predictive of ventricular fibrillation, ventricular tachycardia, atrioventricular block, or death. Increased Vmax values are associated with increased CKmax. The difference Vmin-Vmax is highly predictive of death. Thus, the values Vmin, Vmax, and Vmin-Vmax obtained from body surface maps can predict the rate of occurrence of ventricular tachycardia, atrioventricular block, left ventricular failure, and death. This is more useful than the standard electrocardiogram, which is predictive of death and ventricular fibrillation only.
The grouping of the map patterns was done on the basis of correlation coefficients, which are independent of the overall magnitude of the maps. This method also separated the patients into groups with important clinical differences. The patients in groups 1 and 2 were at very low risk of ventricular fibrillation, ventricular tachycardia, atrioventricular block, left ventricular failure, right ventricular infarction or ischemia, or death. On the other hand, patients in group 3 had a mortality rate of 37% and a high complication rate. Severe left anterior descending artery disease was demonstrated in all four patients in group 3 for whom arteriographic or autopsy data were available. Of the 17 patients in all the other groups for whom arteriographic data were available, only three had left anterior descending artery disease (stenosis > 70%).
The potential distributions defining group 3 are dominated by a large area of marked ST segment depression anteriorly. It is tempting to speculate that in patients in this group, the degree of ST segment depression present is due to anterior ischemia as well as the ST segment depression that would be associated in a reciprocal manner with the ST segment elevation associated with acute inferior infarction. This concept of distant ischemia in acute myocardial infarction has been discussed previously. 27 ST segment potentials alter in magnitude rapidly after myocardial infarction. This is illustrated by group 2, which had a significantly longer mean time between onset of symptoms and mapping and significantly lower mean Vmin and Vmax compared with those in groups 0 and 1. Accordingly, we analyzed the data from each group against the time between onset of symptoms and mapping. There was no change in the results with change in map time (data not shown).
Patients suffering an initial inferior infarction are not an homogeneous group.8 There is a subset at low risk in whom aggressive interventional management is probably not warranted. In the group at high risk, aggressive interventional management, including an attempt at immediate thrombolysis followed by urgent coronary arteriography and subsequent revascularization, if feasible, is appropriate.
To establish the supposition that the body surface map is predictive of prognosis, a prospective study, including arteriography and body surface mapping, of patients with acute inferior infarction is required and has been commenced. This study will attempt to establish whether it will be possible to determine the infarctrelated vessel and the presence of ischemia in the territories of other vessels by study of the surface distribution of ST potentials. These further patients will form the test group for a prediction by discriminant function analysis of ventricular fibrillation, ventricular tachycardia, atrioventricular block, left ventricular failure, and outcome. If the present results are confirmed, then an inexpensive and rapid prognostic method will be available for the assessment of patients with acute inferior infarction.
